ABSTRACT An analytical method is proposed to determine the success or failure of capture for an orthogonal distributed satellite capture device with the characteristics of modularization, miniaturization, extensibility, and peripheral layout. A dynamic model of a body combined with an spacecraft, a robotic arm, and a satellite is established, and the time-varying position and position of the satellite are obtained. An impact dynamic model of the capture device and the satellite in the combined body is built. A kinematic model of the impact surfaces of the capture frame and the capture hook is established, and the position and time of the impact point are obtained by solving the common intersection point. In order to simplify the analysis process, the shortest time to capture the satellite and the corresponding position of capture hook are determined when the velocity of capture hook is fixed. After several impacts and follow-up process analysis, it is determined whether the capture task is successful by judging whether the capture frame is always within the capture area during the shortest capture time. Finally, an example is used to verify the proposed method. Compared with the simulation analysis, the same capture results and similar position and attitude curves of satellite are obtained, which proves the effectiveness of this method.
I. INTRODUCTION
Capture technology for On-orbit satellite has broad application prospects in tasks such as constellation deployment, onorbit services and round trip of satellites, etc. [1] , [2] . With the vigorous development of commercial space, reusable lowcost capture devices have become a research hotspot, and Modularization, miniaturization, and scalability have become new requirements for capture devices. Some scholars have studied a large number of schematic and capture dynamics on traditional capture devices, and carried out some ground tests and on-orbit demonstration in [3] - [6] . The United States launched the Orbital Express spacecraft in 2007, which aims to validate on-orbit service technology in [7] . With the assist of space manipulator, the target satellite can be captured and docked by the tracking satellite through the interlocking triangular cross-docking mechanism to provide space support for on-orbit services. The superior tolerance ability of this device is discussed in [8] and [9] , but this device isn't suitable for modular use due to its larger size. In [10] , ORC (Orbital Recovery Corporation) initiated the SMART-OLEV system in 2007 to capture target satellites and provide services such as propulsion, navigation, control, maintenance and fueling. The system captured target satellite though the telescopic rod stretched into target satellite remote point engine nozzle without the assist of the manipulator. The reusable capture device had the advantages of simple structure, but wasn't suitable for modular promotion because of the high requirement for the target satellite's attitude control and the size of the engine nozzle and the weakly tolerance ability. SRMS (Shuttle Remote Manipulator System) and JEMRMS (Japanese Experimental Module, Remote Manipulator System) of the International Space Station also were discussed in [11] - [13] . These capture devices which wasn't suitable for the satellite reusable capture because of the large size used wire rope to tighten the captured rod with the better tolerance capacity. China, the United States, and the former Soviet Union conducted multiple cabin docking mission, using a conerod docking device and an Allomorphic peripheral docking device in [14] - [16] . Such devices generally have larger guide plates or guide holes, resulting in a larger overall device size.
Some scholars have carried out a lot of dynamic analysis for cabin docking and robotic arm capture in [17] and [18] , but there are a few discoveries on the dynamics of capturing satellite assisted by a robotic arm. In the process of capturing a satellite assisted by a robotic arm, the robotic arm is in a follow-up state, and the capture device realizes the function of adjusting the position and capture by a complex contact impact between the capture hook and the capture frame. The process involves spacecraft, robotic arm, satellite and capture device, and complex whole process dynamics analysis is the difficulty of research. Compared with the analysis of cabin docking process, the impact process is simpler because the two cabins is equivalent to two single rigid bodies. Compared with the analysis of the robot's terminal capture process, the active compliant manipulator can better adapt to the capture target in motion. Therefore, the dynamics and capture determination methods of the capture system assisted by a robotic arm still need further study.
This paper introduces an orthogonal distributed satellite capture device, which has the characteristics of modularized, miniaturized, extensible, peripheral layout and so on, and analyzes the working process of the capture device. According to the working characteristics of the device, a feasible method to determine capture is proposed. By analyzing the impact and follow-up dynamic behavior in the capture process and calculating the position of the impact point, the position and attitude changing with the time of the satellite were obtained. The analysis process was simplified by determining the shortest capture time of the device. Finally, an example was used to verify the determination method, and the results of successful capture were obtained. Compared with simulation analysis, the same number of impacts and the same capture results were given.
II. CAPTURE PROCESS AND DETERMINATION METHORD OVERVIEW

A. CAPTURE DEVICE WORKING PROCESS ANALYSIS
Both the capture device and the robotic arm base are fixed on the spacecraft platform to form a multi-rigid body system. Before the capture device works, the end effector of robotic arm with six degrees of freedom locks the satellite handle to form a whole, and the robotic arm carries the satellite to the capture area of the device. Due to the joint error of the robotic arm and arm deformation, the satellite has a certain position and attitude error compared with the ideal capture position, as shown in Fig. 1 . During the working process of the capture device, there is no motor driving torque at the joints of the robotic arm, which is only affected by the viscous damping associated with the joint speed. This state is called the follow-up state of the robotic arm. The capture unit uses hook and frame structure as execution component, which is shown in Fig. 2 -a. The capture hook moves at the determined speed on the capture unit, and the capture frame is fixed at the bottom of the satellite. The repeatable capture device is composed of four capture units, in which the movement direction of the capture hook is orthogonal. This layout enables satellites to be captured more reliably, as shown in Fig. 2-b . Suppose the four locking hook synchronously moves and the total motion time is t f . As the capture hook moving, the working process of the device is divided into two stages. The first stage is from the beginning to the t c moment, and t c is called the envelope capture moment. Before this critical moment, the satellite can escape from the device capture area. At this critical moment, the satellite cannot escape in any position, but the satellite can move within the capture area. The second stage is from the t c moment to the t f moment, and t f is called the complete capture time. At this moment, the four capture frames are completely captured, and the satellite pose is completely constrained.
B. CAPTURE DETERMINATION METHOD OVERVIEW
During the whole capture process, the capture frame is constantly colliding with the capture hook. After several impacts and follow-up processes, the satellite is finally captured by the four catch hook. Because the robotic arm is in the followup state and there is an error in the initial position of the satellite, it is difficult to predict the position and posture changes of the satellite during the impact and follow-up process. In the capture process, there is a possibility that the satellite can escape from the capture area of the device, that is, the capture task may fail. It is particularly important to study the dynamics of the impact between the satellite and the capture device. This paper presents an analytical method for determining whether the capture device can reliably capture the satellite and the specific process of analysis is shown in Fig. 3 . First, the envelope capture time t c is solved, and the analysis process is simplified by analyzing the dynamics before t c . Then, the first impact dynamic behavior of the combined body and the capture device is analyzed. The input is the position and velocity of each part of the combined body before the impact, and the output is the velocity of each part of the combined body after the impact. Using the position and velocity of the combined body after impact, the position and velocity changes of the combined body under the follow-up state are analyzed. The kinematic model of capture hook and capture frame is established, which is convenient for solving the position of impact point and the moment of the second impact. In this way, several impacts and follow-up actions are solved. Finally, the position of the capture frame and capture hook at t c moment is obtained, and whether the capture frame is still in the capture area of the capture hook can determine the success or failure of the capture task.
III. CAPTURE DYNAMICS ANALYSIS A. DYNAMIC MODELING OF THE COMBINED BODY
In the course of the impact and follow up, the motion of the combined body is determined by its dynamic characteristics, so the dynamic analysis of the combined body is the basis of impact research. In order to analyze the dynamic characteristics of the combined body, a simplified dynamic model is established and refer to [19] and [20] . Since the end link of the robotic arm is consolidated into a rigid body with the satellite, this rigid body can be used as the end link of the robotic arm. The robotic arm used in this paper is composed of six links with 6 degrees of freedom. The system coordinates are defined as follows: the inertial coordinate system is I . The spacecraft coordinate system is B , the origin is located in the centroid of the spacecraft, and the three coordinate axes are the three inertia main axes of the spacecraft. The end coordinate system of the robotic arm is E , the origin is located at the center of mass of the rigid body formed by the end link and the satellite. The conjoined coordinate system of the links is E { i } (i = 1, 2 · · · 6), as shown in Fig. 4 . The coordinate transformation matrix between robot arm members can be expressed as:
The transformation matrix of the link coordinate system to the spacecraft coordinate system is
If the transformation matrix from the spacecraft coordinate system to the inertial coordinate system is I A B , then the transformation matrix from the robotic arm's arbitrary link coordinate system to the inertial coordinate system is:
The The centroid position of the link i can be expressed as:
Solve the derivative of (4):
It can be known from the absolute derivative and relative derivative theorem of the variable vector:
where b i−1 and c i are constant in the conjoined coordinate system, and its relative derivative is 0, ω i−1 and ω i are the angular velocity of link i − 1 and link i respectively. The velocity of the centroid of the link i can be expressed as:
The transformation matrix I A m between any coordinate system { m } and the inertial coordinate system is a function of time t. There is a rotation axis with the unit vector k and a rotation angle q making I A m = A k (q) at each instant t. Solve the derivative of I A m :
Available from Euler's formula:
Substitute (10) into (9) and get:
where ω m =qk is the expression of the angular velocity of coordinate system { m } relative to the inertial coordinate system. According to the properties of (9), (10) and (11), the expression of the centroid angular velocity of robotic arm link is obtained. If I A i is the transformation matrix of the conjoined coordinate system i relative to the inertial coordinate system, then:
(13) can be transformed from (10) into:
Substituting (14) in (12) can be obtained:
The angular velocity of the centroid of link i can be expressed as:
When the velocity v b and angular velocity ω b of the centroid of spacecraft are known, the velocity and angular velocity of each link under the inertial coordinate system can be calculated through simultaneous (8) and (16):
The expression of the acceleration of the link i can be obtained by derivation of (17) and (18) 
Taking the combined body as the object of analysis, the second type equation of Lagrange are used to establish the dynamic model. Define the Lagrange function as L, E as the kinetic energy of the system, V as the potential energy of the system, and ψ as the loss energy of the system. The Lagrange equation can be written as:
where Q is the generalized force matrix and ϕ is the generalized coordinates. The generalized coordinates are selected as:
where x b is the generalized coordinate corresponding to the spacecraft, q is the generalized coordinate corresponding to the robotic arm joints.
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For each generalized coordinate, the generalized force is defined as:
where F b is the driving force and external force/moment of the attitude and orbit control of the spacecraft, τ m is the driving moment of the robotic arm joint, J b is the Jacobian matrix of motion for the spacecraft, J m is the Jacobian matrix of motion for the robotic arm, and F e is the external force/moment at the end of the robotic arm. According to (17) and (18), the kinetic energy of the link of robotic arm relative to the inertial system is obtained as:
where, m i is the mass of link i, and J i is the inertial matrix of link i relative to the centroid, all of which are constant. According to (16) , it can be obtained:
According to (17) , it can be obtained:
andr ib represents the multiplication matrix of vector r ib , the simultaneous (25) and (26) can be obtained as follows:
where, I 3 is the third-order unit matrix, and J mi is the Jacobian matrix of any link of robotic arm. When (28) is substituted into (24), the kinetic energy of the combined body can be obtained as:
where H(ϕ) is the generalized inertia matrix of the system, H b is the inertia matrix of the spacecraft, H m is the inertial matrix of the mechanical arm, and H bm is the coupling term of the inertia matrix of the robotic arm and the spacecraft. The combined body works in a microgravity space environment, ignoring potential energy changes, ie V = 0. The kinetic energy is brought into the Lagrange function:
Hφ +Ḣφ − 1 2φ
The loss energy of the combined body can be expressed as:
where f is the viscous damping matrix corresponding to generalized coordinates. Substitute (32) into the Lagrange equation:
Make:Ḣφ
where C(ϕ,φ)φ is a quadratic form of generalized velocity including centrifugal force and coriolis force. It can also be simplified as:
T , (35) can be expressed as:
B. IMPACT DYNAMICS MODELING OF THE COMBINED BODY AND CAPTURE DEVICE
Taking the combined body as the object of impact, the impact dynamics model of the satellite and the capture device is established by using the Newton recovery coefficient method in [21] - [23] . In the impact analysis process, only the ideal impact state is considered, that is, the impact impulse of each component of the combined body is immediately obtained at the instant of impact. The connection of each part of the combined body is in an ideal state, that is, there are no gap and friction. It is assumed that the impact force at the impact point of the satellite capture frame is F p ,and the impact force on the capture hook of the capture device is −F p , as shown in Fig. 6 . The force/moment on the end of the robotic arm and the spacecraft can be expressed as:
Substitute (37) and (38) into the Lagrange equation: The integral of (39) gives:
The contact impact between the combined body and the capture device is instantaneous, that is, the impact time t is very short. Therefore, it can be considered that the impact process does not significantly change the generalized coordinates of the combined body, that is, the generalized coordinates can be regarded as constant in the period of [t 0 , t 0 + t]. However, during this period, the impact will cause the corresponding generalized velocity and acceleration to change abruptly. It can be expressed mathematically as:
where p is impact impulse and ε 1. Because H, J b and J m are only function matrices corresponding to the generalized coordinates and inertia parameters of the system, they can be regarded as constants in the period of [t 0 , t 0 + t]. Equation (20) can be written as:
whereφ(t 0 + t) is the generalized velocity after impact of the combined body, Cφ is the generalized velocity before the impact of the combined body. Although there is a certain mutation in the generalized velocity, its magnitude is still limited. Cφ is a matrix about the generalized coordinates and generalized velocities of the combined body, and the value of t is a very small quantity which approximates to zero. Therefore, the value on the right side of (42) can be approximated to zero, and it can be got as follow:
During the impact:
where P is the impulse received by the assembly during the impact, the above (24) can be rewritten as:
Corresponding to the generalized coordinate system defined in the dynamics equation, and based on the Newton recovery coefficient method, the impact recovery equation of the capture frame and the capture hook is established as follows:
where v c1 is the velocity of the capture hook at the impact point before the impact, v c2 is the velocity of the capture frame at the impact point before the impact, V c1 is the velocity of the capture hook at the impact point after the impact, V c2 is t the velocity of the capture frame at the impact point after the impact, e is the Newton impact recovery coefficient, n is the unit normal vector at the impact point.
The relationship between the Cartesian velocity of the impact point and the generalized velocity can be obtained from the motion Jacobian matrix.
Two parameters are introduced to indicate the relationship between the components of the impact impulse in three directions:
Consolidate (45), (46), (47), (48):
The 18 linear equations obtained by (49) can solve 18 components of V c2 , P,φ(t 0 + t). The generalized velocity of the combined body after impact provides a basis for subsequent follow-up process and impact point analysis.
C. IMPACT POINT CALCULATION METHOD
The calculation accuracy of the impact point position affects the accuracy of the impact analysis. The position of the impact point is accurately calculated through the kinematic equation of the impact surface. The kinematic equations of capture frame and capture hook impact surface are established. The moment when a common point of intersection between the colliding surfaces occurs is the moment of impact, and the common point of intersection is the point of impact.
1) THE KINEMATIC MODEL OF THE IMPACT SURFACE OF THE CAPTURE FRAME
By establishing the relationship between the position of the impact surface of the capture frame and the generalized coordinates of the combined body, and combining the generalized coordinates of the dynamic analysis in the 3.1 and the 3.2 sections, the kinematic equation of the impact surface of the capture frame can be obtained. The transformation matrix T (t) of the satellite from the conjoined coordinate system to the global coordinate system can be obtained from the generalized coordinate ϕ(t) of the combined body.
The impact surface of the capture frame is a standard cylindrical surface, as shown in Fig. 7 . In the satellite conjoined coordinate system, the center point of the cylinder is g (x 0 , y 0 , z 0 ), and the direction vector of the cylinder axis is n 0 (u 0 , v 0 , w 0 '). Through coordinate transformation, the central point of the cylinder is TQ, and the direction vector is Tn in the inertial coordinate system. The central point of the cylinder in the inertial coordinate system is g(x 0 , y 0 , z 0 ), and the direction vector is n 0 (u 0 , v 0 , w 0 ), then the equation of cylindrical axis is as follows:
The coordinates of a point of N on the axis are as follows:
The coordinates of a point of M outside the axis are (x, y, z). If the MN is perpendicular to n 0 and the distance from M to the axis is constant, then the set of M points is the equation of the cylinder surface.
Because the length of the cylindrical surface is limited, it is necessary to join the constraint conditions: the distance between the point of the cylindrical surface and the center point of the cylindrical surface is within a certain range.
2) THE KINEMATIC MODEL OF THE IMPACT SURFACE OF THE CAPTURE HOOK
The capture hook is driven by the crank slider mechanism, and completes the defined motion during the capture process, as shown in Fig. 8 . As the capture device is fixed on the spacecraft platform, the movement of the capture hook is a combination of the movement of the spacecraft and the movement of the capture hook on the spacecraft. The impact point of the capture hook must be located on the contour line on the impact surface, so it is only necessary to solve the kinematic equation of the contour line of the capture hook impact surface. The impact surfaces of catching hooks are S 1 , S 2 and S 3 . As shown in Fig. 9 , the S 1 surface is taken as an example.
According to the kinematic relationship of the mechanism, The coordinate of the capture hook vertex i changing with time in the spacecraft coordinate system is ( B x i (t), B y i (t), B z i (t), 1) T , and the coordinates in the inertial system can be obtained by the following formula:
where I T(x b ) is the transformation matrix from the spacecraft coordinate system to the inertial coordinate system. In this analogy, the coordinates of j and k can be obtained. So the three lines on the S 1 impact surface can be expressed as:
The dynamic equations of the impact surface of the capture frame and the catch hook are connected. The common solution is the impact point, and the moment to produce the common solution is the moment of impact.
IV. EXAMPLES AND SIMULATION ANALYSIS A. MODEL AND INPUTE CONDITION
In order to verify the correctness of the capture determination method and the impact dynamics model, the success or failure of capture is analysis by using the simulated spacecraft, the simulated robotic arm, the satellite and the capture device, as shown in Fig. 10 .
The D-H parameters of the robotic arm are shown in Tab. 1. The dynamic parameters of the combined body are shown in Tab. 2.
The dynamic parameters of the spacecraft are shown in Tab. 3.
The position error range of satellite centroid is translational ±10 mm along the x, y and z axes respectively, and the range of attitude error is rotating ±1 degrees around the x, y and z axes respectively. The position and attitude errors will affect the capture process of the capture device. One of the limit postures is selected for the capture decision, that is, the position VOLUME 6, 2018
errors are −10 mm, 10 mm and 10 mm respectively, and the attitude errors are −1 degrees, −1 degrees, and 1 degrees respectively. 
B. ENVELOPE CAPTURE MOMENT ANALYSIS
If the whole capture process is analyzed, a lot of impacts and follow-up process analysis are needed. Especially after the envelope capture moment t c , The capture hook closure results in smaller space for the capture frame. Frequent impact and decrease of follow-up time can easily lead to the increase of analysis error. It is only necessary to confirm that the satellite capture frame does not escape the constraints of the capture hook before the t c moment, and the capture device can be judged to succeed in capturing the satellite. The envelope capture moment t c is calculated according to the example in the 4.1 section.
At the moment of envelope capture, it is assumed that the escaping position of satellite centroid is x, y, z and the escaping attitude represented by Cardan angle is α, β, γ , as shown in Fig. 11 . O 0 is the origin of the conjoined coordinate system at the center of mass when the satellite is in the ideal position, and O 1 is the origin when the satellite is in the actual position. Capture hooks a and c restrict the satellite from rotating clockwise around the y-axis, and capture hooks b and d restrict the satellite from rotating counterclockwise about the y-axis, as shown in Fig. 2-b . Considering the synchronization motion of the capture hooks, the attitude angle β at the enveloped moment can be 0 degrees.
Analyzing the moment t c and the satellite's escaping posture P e when the four capture hooks exist at the same time is a very complicated geometric problem, so a simplified processing is performed. When β = 0 and only the capture hooks a and c are considered, the satellite's escaping posture at the moment of t c1 is shown in Fig. 12 . The escaping posture of the satellite is P e1 , and obviously t c1 ≥ t c .
In this case, α plays a major role in the P e1 posture, and γ plays a negligible role. So this problem can be simplified as a two-dimensional solution problem. That is, solving the problem that at least one of the circles s a and s c can escape upwards when l a and l c are continuously closed. Solved by geometric modeling, t c1 is equal to 9.2s.
Similarly, when β = 0 and only the capture hooks b and d are considered, the satellite's escaping posture at the moment of t c2 is shown in Fig. 13 . The escaping posture of the satellite is P e2 , and obviously t c2 ≥ t c .
In this case, γ plays a major role in the P e2 posture, and α plays a negligible role. So this problem can be simplified as a two-dimensional solution problem. That is, solving the problem that at least one of the circles s b and s d can escape upwards when l b and l d are continuously closed. Solved by geometric modeling, t c2 is equal to 8.9s.
From the above derivation, the conclusion that t c ≤ 8.9s can be obtained. If the impact and follow-up process within 9s is analyzed and the satellite does not escape, the capture task can be determined to be successful. So t c is equal to 9s for analysis.
C. COMPARISON BETWEEN SIMULATION AND THEORY
The theoretical and simulation analysis of the capture process of the spacecraft, the robotic arm, the satellite and the capture device proposed in the 4.1 section is carried out, and the motion parameters of the satellite are obtained. The centroid trajectory is the most representative parameter of the motion state of the satellite. Therefore, the parameters of the centroid displacement are extracted and compared, as shown in Fig. 14 . The variation trend of centroid displacement is the same in satellite theory and simulation analysis, and the value is close. The maximum deviation is the displacement in the x direction, and the deviation accounts for 15.3% of the total displacement. t t1 and t t2 are the two impact moments of theoretical analysis. t s1 and t s2 are the two impact moments of simulation analysis, and their values are shown in Tab. 4 . It shows that the three impact moments of theory and simulation analysis is basically the same. The centroid velocity is the most typical motion parameter of the reaction satellite impact process, so the centroid velocity is extracted and contrasted. The trend of centroid velocity is basically the same, and the maximum deviation accounts for 2.5% of the maximum velocity in the z direction, as shown in Fig. 15 . By comparing the displacement and the centroid velocity, the correctness of the dynamic theoretical model is proved, and the basis for judging the success or failure of the capture task is also provided.
At the moment of envelope capture, the four capture frames are still in the capture area of the hook, as shown in Fig. 16 . It shows that the capture device can successfully capture the satellite under the initial attitude of the satellite, and C 1 and C 2 are the locations of two impact points.
Through the comparison of the theoretical analysis and simulation analysis, it is found that the trend of each parameter is the same and the value is close. The error of the theory and Simulation of each parameter curve is due to the accuracy of the model and the difference of the simulation software algorithm, which is within the acceptable range. This proves the correctness of the theoretical model.
V. CONCLUSION
This paper presents an analytical method for determining the capture success or failure of an orthogonal distributed satellite capture device. Through theoretical analysis and simulation verification, the following conclusions can be obtained:
1) The dynamic model of the body combined with the spacecraft, therobotic arm and the satellite is established, and the impact dynamic model of the combined body is built. The satellite position and attitude can be accurately predicted by the model. 2) The kinematic model of capture frame and capture hook is established, and the location and moment of impact point are obtained by solving the common point. The analysis process is simplified by determining the shortest time to capture the satellite. 3) By comparing the theoretical model with the simulation analysis, the same impact frequency and similar satellite pose change curves are obtained. 
